Background. The assessment of falls in the elderly has moved from disease-oriented approaches, which attempt to identify single causative factors, to performance-oriented evaluations of functional deficits. This study examined the abilities of elderly fallers and nonfallers to perform various functional activities and to provide some rationale for performance differences by assessing the integrity of specific systems within the sensory, central processing control, and effector components of balance control.
F
ALLS among elderly individuals and the resultant injuries are a major concern from both the financial perspective of health care costs and the psychological and behavioral manifestations associated with restricted functional mobility, physical dependence, and potential life-style changes. Previous research into the causes of falls among the elderly has been based on a disease-oriented approach that focused on the intrinsic characteristics of the individual (1, 2) or the extrinsic environmental hazards present at the time of the fall (3). Recently, attention has been focused on overall performanceoriented evaluations of balance and mobility (4) (5) (6) .
Balance control is based on three components: the sensory input systems, the central processing control systems, and the effector systems (7) . Sensory input from the visual, vestibular, and proprioceptive systems provides information on the orientation of the body relative to the environment and information on the environment itself. The central processing control systems function to assess and integrate the sensory input and select an appropriate sensorimotor response for the effector system, while the effector system executes some action that is timely and effective in responding to the sensory input (7) . Research has suggested that the goals of balance control are task-dependent (7) . During static balance, the goal is to maintain the center of mass (COM) within the base of support; during walking, the COM is outside of the base of support for 80% of the cycle (8) . Observations of static balance tasks have shown similar performance in fallers and nonfallers (9) , suggesting that the balance control system of fallers is able to maintain a stable posture. However, most falls in the elderly occur during activities requiring a change in body position, such as walking (3, 10, 11) , suggesting that the balance control system is inadequate to sustain a stable locomotor movement pattern. It has been suggested that the balance control system should be assessed by activities of daily living that provide varying degrees of complexity to challenge stability (7) . The responses would permit identification of performance deteriorations, and adaptations due to aging, and provide information on the source of the problem (7) .
Based on the preceding premises, the purpose of this study was to examine the ability of elderly fallers and nonfallers to perform balance and movement activities and to provide some explanation as to the potential performance differences between the groups by examining the component abilities of the sensory input, central processing control, and effector system components of balance control. Comparison of these data may be useful in providing insight into the mechanisms predisposing the elderly to falls and provide direction for intervention programs. Static balance, walking, and stair descent activities were selected for assessment because they
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Downloaded from https://academic.oup.com/biomedgerontology/article-abstract/52A/2/M80/651556 by guest on 25 December 2017 M81 are routinely performed, are functional activities most frequently associated with falls (3, 12) , and represent activities of increasing environmental demand on the balance control system. The balance control component abilities assessed were the sensory system components of vision, vestibular function and proprioception; the central processing control system components of mental status, perceptual style, selective attention, and simple and choice resisted reaction time; and the effector system component of isometric quadriceps strength. It was hypothesized that the fallers would exhibit significant declines in at least one or a combination of the balance control component abilities and that these deficits would be evident in the functional activities, with a progressive decline in performance from the static balance tasks to stair descent.
METHODS

Subjects
Six males and 16 females, aged 69 to 93 years, independently residing in social services facilities, were classified into two equally sized age-and sex-matched groups as either a faller or nonfaller. The fallers had a mean age of 79.9 ± 8.3 years, a mean height of 151.6 ± 8.3 cm, a mean weight of 63.7 ± 14.5 kg, and recorded 7.6 ± 6.5 falls over the previous year. The nonfallers had a mean age of 81.0 ± 8.0 years, a mean height of 156.6 ± 12.1 cm, a mean weight of 68.3 ± 12.9 kg, and no falls over the previous year.
Subjects were excluded from participation if they exhibited known pathologies of the central and peripheral nervous system, dementia, blindness, severe arthritis, diabetes, stroke, joint replacements, amputations, current fractures in the lower extremity, or used assistive devices to ambulate. Subjects were included on the basis of responses to a physical health questionnaire administered by the author, and their performance on the get up-and-go mobility test (13) . Subjects were required to sign a written consent form, approved by the Institutional Review Board, prior to participation.
Procedures
The testing sessions were conducted over a two-day period, and ordering of trials of the functional activity tasks and sensory, central processing control, and effector system component abilities were randomized for each subject to ensure that the results were not confounded by fatigue or practice. The following procedures were used to assess each ability.
Functional activities. -The functional activities included the performance of static balance tasks, walking, and stair descent. These activities were selected because they represent static and dynamic tasks, reflecting increasing challenges to the excursion of the center of mass over different base-of-support configurations.
Static balance was assessed by having the subject perform tasks of two-legged stance, feet together, and feet shoulder width apart and right and left single stance, under eyes open and closed conditions. The mean balance time over three 30-second trials was summed across the eight tasks to determine a composite balance score, which was used in the statistical analysis.
Walking data were obtained by having subjects walk along a paper walkway with paint on the soles of their feet, while simultaneously being videotaped in the sagittal plane by a camera positioned 3.1 m from the subject. The mean distance factors of stride/step lengths, step width, and foot angles were obtained from measurements of the painted footprints, while the temporal measures of stride times, single and double support times, and swing:stance ratios were calculated by corresponding the timing of heel contact and toe-off of each foot, via visual observation, with the digital time presented on the videotape by the camera. These data were obtained from 10 walking strides.
Stair descent data were obtained by videotaping reflective markers affixed to the right side of the body at: C7, lateral aspect acromion, lateral epicondyle, ulnar styloid, greater trochanter, lateral femoral condyle, lateral malleolus, heel and head of the fifth metatarsal, as the subjects descended a set of five 17.8 x 27.9 cm steps. Subjects were instructed to descend as they would normally, using the handrail for minimum support. The marker movements were digitized to obtain the mean relative joint angles of the right shoulder, elbow, hip, knee, and ankle and the trunk angle relative to vertical over three descent trials, as steps 2 and 3 and steps 3 and 4 were traversed. Descent was divided into the following phases: initial right foot contact, right foot flat, left toe-off, right mid-stance, initial left foot contact, right toe-off, right mid-swing, and initial right foot contact.
Balance Control System Component Abilities
Sensory component abilities. -The sensory system components selected were vision, vestibular function, and proprioception, as they represent the primary inputs for orientation of the body in space and providing input on the environmental conditions (7) .
Corrected visual function was assessed using the Titmus Vision Tester with Landolt Rings, with Snellen equivalents. The variables assessed were near and far visual acuity, depth perception, and the size of the visual field.
Vestibular function was assessed using the technique outlined by Foley (14) . Reflective markers were placed on the nuchal ridge, seventh cervical vertebrae, C7, and midway between the posterior aspects of the iliac crest. The subject was blindfolded and positioned on a tilt table; then the responses to random tilts of 20 degrees to the right and left sides were photographed in the frontal plane, immediately upon completion of the tilt. The photographs were digitized relative to a posture grid, located in front of the subjects, to obtain the mean angle of deviation of C7 and the head from vertical during each of the five tilts to both the right and left sides. The mean tilts of C7 and the head were included in the statistical analyses.
Reproduction of passive knee proprioceptive sense was evaluated using the protocol of Skinner, Barrack, and Cook (15) . The subject was positioned with the hips and knees at 90 degrees, and the right lower extremity was passively moved by the tester at 30 degrees/second to an angle of 75 degrees of knee extension. Following repositioning of the knee to 90 degrees, the subject was instructed to actively reproduce 75 degrees of knee extension. The mean angular displacement error between the active and passively moved positions was recorded over five trials.
Central processing control component abilities. -The central processing control system components selected for study were mental status, selective attention, perceptual style, and simple and choice resisted reaction time. These variables were selected because previous studies have suggested that failures in stimulus recognition, decision making, and response selection can be attributed to an individual's physical, physiological, and mental condition, inattention, cognitive style, and risk-taking behavior (16, 17) . These variables also have been shown to be age-dependent and predictors of motor vehicle accidents (16, 17) .
The Mental Status Questionnaire developed by Kahn et al. (18) was used to assess the intellectual/mental impairment of the subjects. Scoring was based on the number of correct responses to 10 questions.
A visual search task, which consisted of locating a single numeric target located within an alphabetic background, assessed selective attention. Scoring was based on the number of targets successively found within a 30-second time limit over the 20-trial field test, and the mean search time per field up to a 30-second limit, across the 20 trials.
Perceptual style or field dependency was assessed by the rod-and-frame test (19) . The test consisted of eight trials with the frame and rod tilted 20 degrees in the following sequence: Frame:LLRRLLRR: Rod:LRRLLRRL. The algebraic summation of the absolute deviation of the rod position from vertical across the eight trials was recorded.
Simple and choice resisted knee extension response times were assessed using the technique outlined by Kroll and Clarkson (20) . In the simple task, the subjects were instructed to kick a 10 x 10 cm target located below the center of the three stimulus lights mounted in front of the subject. In the choice task, the subject was required to kick the target beneath one of the three stimulus lights that were illuminated. In order to break contact with the heel electromagnet, the subject had to generate a force equal to 10% of body weight. This figure was selected because an individual must overcome the resistance of the superincumbent body weight in order to respond to a loss of balance. The mean reaction time, movement time, and total time across five trials for the simple task and six trials for the choice task were used in the statistical analyses.
Effector component abilities. -Isometric quadriceps strength was examined, as research has suggested that organization and initiation of an appropriate motor response are affected by strength, speed, and phasic activity of involved musculature (21) . The knee joint was selected for assessment of these measures because elderly individuals have been shown to exhibit greater strength declines in the lower extremity (22) and because the quadriceps play a major role in knee joint stability.
The isometric strength of the right quadriceps was assessed by a linear variable force transducer affixed to a cuff around the ankle, perpendicular to the lower leg. The subject was required to perform three 3-second isometric contractions of the quadriceps. The mean force produced was recorded for the analyses.
RESULTS
Statistical Analyses
One-tailed Student Mests for independent samples were performed on all criterion measures using the SPSS-PC statistical package (SPSS Inc., Chicago, IL) to determine differences between the fallers and nonfallers. Pearsonproduct correlations between the functional activities and the balance control component abilities for both groups combined were performed to examine the impact of the component abilities on functional activity performance. The analyses were considered to be statistically significant at./? =£ .05. In the correlational analysis, significance at/? «s .01 was also noted.
Functional Activities
The analysis of the summed balance score, presented in Table 1 , indicates that the fallers exhibited significantly reduced summed balance times. This difference was attributed to significantly reduced feet together and single limb timed scores under both sensory conditions.
The analysis of the measures of walking is also presented in Table 1 . The fallers exhibited significantly reduced stride/ step lengths and swing:stance ratios, and significantly greater foot out-toeing, stride times, and time in double support than the nonfallers. No statistically significant difference was observed in the step width.
The mean joint angles of the trunk and upper and lower extremities during the seven phases of stair descent are presented in Table 1 . The results indicate that statistically significant differences between the groups occurred primarily in the ranges of motion of the knee and ankle, with significantly greater shoulder flexion being observed in the fallers during initial contact of the right foot. The fallers exhibited reduced right knee flexion at left toe-off, left initial foot contact, right midstance, and right midswing. Greater ankle plantarflexion in the fallers was observed at right initial contact, left toe-off, right midstance, and right midswing. Qualitative differences in the manner of stair descent were observed between the groups. Ten of the fallers descended with double foot placement per step, while only two of the nonfallers descended the steps in a similar fashion.
Balance Control System Component Abilities
Sensory component abilities. -The analyses of the visual, vestibular, and proprioception tasks, presented in Table 2 , indicated that only proprioception differentiated between the groups. The nonfallers exhibited greater errors in passive knee proprioception sense than did the fallers.
Central processing control component abilities. -Statistically significant differences between the fallers and nonfallers were observed in the central processing control system components of selective attention and choice reaction time ( Table 2 ). The fallers exhibited fewer successes in their Effector component abilities. -The muscular strength score, summarized in Table 2 , indicates no statistically significant difference between the groups in the isometric quadriceps strength.
Functional Activity -Component Ability Correlations
The results of the statistically significant correlations, examining the relationship between the balance control component abilities and the functional activity correlations for both groups combined, are presented in Table 3 . The data presented represent the range of correlations significant at p .05, while those measures exhibiting statistically signifificant correlations at p ^ .01 are represented by two asterisks. The data indicate that static balance performance was correlated with all of the sensory input system components and the central processing control components of mental status, selective attention, and simple response time. Vision The preceding data suggest that as the need for balance control is increased from static balance to stair descent, the number of balance control component abilities exhibiting significant correlations (p =s .01) is increased. In general, although one measure of sensory input was significant (p =s .01), static balance and walking performance were primarily affected by the central processing control component abilities. Stair descent, however, involved all three balance control components, with greater emphasis being placed on the sensory and central processing control components. DISCUSSION Overall, the data indicate that elderly individuals who are predisposed to falls exhibited declines in their static balance abilities, declines in their walking abilities, and had difficulty completing stair descent in a manner similar to their nonfalling peers. Statistically significant differences between fallers and nonfallers were evident across two of the three balance control component abilities, specifically in the sensory input ability of proprioception and the central processing control system abilities of selective attention, and choice resisted reaction time.
Functional Activities
The static balance activities were able to discriminate between the two groups, with the fallers exhibiting significantly lower summed balance scores across the eight balance tasks. The differences in the balance scores were related to reduced performance on the feet-together and single limb support tasks under both sensory conditions, suggesting that fallers are adversely affected by reductions in the size of the base of support. It has been suggested that reduced postural steadiness results in the boundary of stability being moved closer to the base of support (23), which reduces the time available to execute a corrective response before the center of mass falls outside the base of support (21) . Reduced balance abilities in the fallers are consistent with previous observations and support the notion that impaired balance may be considered a separate risk factor in fall predisposition (4, 5, 21, 24, 25) .
The results of the gait analysis indicated that the fallers exhibited reduced stride/step lengths, increased stride times, increased time in double support, increased foot angles, and reduced swing:stance ratios relative to their nonfalling peers, suggesting that the fallers have some impairment in the balance control mechanisms required for walking. These reductions in the distance and temporal factors of walking parallel the changes in gait previously associated with the aging process and that of elderly fallers (10, (26) (27) (28) . During walking, the body is inherently unstable with approximately 80% of the stride spent in single support, in which the center of mass is outside the margins of the foot (8) . During double support, when the center of mass moves within the base of support, both feet are not flat on the ground (8). Winter et al. (10) presented three potential causes for these changes in the gait pattern. First, the subjects increased the double support time and reduced the ankle angle at initial contact to increase the restabilizing time between cycles, which is accomplished by decreasing the step length. Second, the subjects reduce the step length to improve stability, which results in a flatter foot landing and increased double support times; or third, the reduced push-off related to muscle weakness or inherent instability results in a shorter step length and increased double support times (10) . Irrespective of the cause of the changes in the walking pattern, the fallers in this study exhibited a compensatory pattern that functions to limit the excursion of the center of mass via reduced stride/step lengths, reducing the time required to maintain single limb balance, via increasing double support times and reducing the swing:stance ratios and attempting to increase the area of the base of support by increasing the foot angle. These findings provide support for the notion that fallers exhibit impaired walking abilities (29) .
Stair walking differs from level walking in terms of the metabolic energy expenditure (30) , joint ranges of motion (31, 32) , electromyographic activity in the lower extremity musculature (31) , and joint moments (31, 33) . During stair descent, unlike level walking, the center of mass is outside of the base of support for much of the cycle, and the center of mass must be lowered to the following step in a controlled fashion for successful task completion. The greater demands for postural control should magnify differences between fallers and nonfallers.
The results of this study indicated that the fallers exhibited significantly different right knee and ankle ranges of motion during four of the seven phases of descent, different right shoulder motion during one phase, and qualitative differences in the actual manner of performing stair descent. The fallers exhibited increased knee extension, ankle plantar flexion, and shoulder flexion during initial loading of the right leg onto the lower step. The increased ankle plantar flexion reduces the area of foot contact on the step, resulting in a reduction of the size of the new base of support. The greater knee extension and increased shoulder flexion may reflect an attempt to increase stability by increased reliance on musculoskeletal alignment to support the weight of the body at the knee and increased reliance on the handrail to support the upper body. During right midstance, the right leg is in single support and the left leg is swinging forward to contact the next step. It would be anticipated that the right knee would be flexing to lower the body to the subsequent step, and increased ankle dorsiflexion would be observed as the trunk moves forward over the foot. The fallers continued to exhibit greater knee extension and ankle plantar flexion. These differences are likely attributed to the altered manner in which fallers descended the stairs with double foot contact per step. These data suggest that the fallers may have difficulties in lowering the center of mass to the next step, possibly resulting from reduced lower extremity strength and/or fear of losing control of the center of mass. The fallers also exhibited reduced right knee flexion and ankle dorsiflexion during swing, which typically functions to reduce the length of the swing leg. As a result, due to the reduced footstair clearance, the fallers could potentially catch the toes of the swing leg on the step.
It appears that the fallers also attempted to increase their postural stability by modifying the manner of stair descent to double foot contacts per step, which limits the single support time on each step. This technique of descent potentially divides the movements of the center of mass into two phases. As the faller makes initial contact with the step, the center of mass is lowered to its new location. The second whole foot contact on the step permits the center of mass to remain within the base of support, and permits a restabilization time for the center of mass within the base prior to executing a step down to the subsequent step. As a result, the forward momentum of the center of mass is reduced, and individuals are able to negotiate the stairs successfully.
The preceding data support performance-oriented evaluations of balance and mobility as a means of identifying elderly individuals who are at risk for falls. As the requirement for balance control increased from the static balance to the stair descent tasks, decrements were observed in the fallers, not only in the ability to perform the task but also in the manner or style in which the task was completed.
Component Abilities Assessment
Sensory component abilities. -Vision did not make a significant contribution to the incidence of falls, since none of the six measures of visual function significantly differentiated between the groups. Vestibular function also did not differentiate between the fallers and nonfallers; however, the proprioception data indicated that the nonfallers exhibited poorer passive proprioception sense than the fallers. The data did indicate that fallers exhibited marginally poorer visual and vestibular function, which supports previous research that poor vision should not be considered a separate risk factor in falls (1) and that vestibular sensory input may be considered a secondary sense in postural equilibrium (34) . Although fallers in this study did not exhibit a tendency of abnormal proprioceptive deficits, as has previously been found (34, 35) , the different conclusions may be attributed to methodological differences in the assessment techniques. Earlier studies assessed the proprioception of the toes and ankles, whereas this study examined knee proprioception (34, 35) .
The results of this study suggest that the marginal decrements in vision and vestibular function may have an additive effect resulting in a reduction of the quality of incoming environmental information, producing impairments in the ability to perceive that a hazardous situation exists. Since the nonfallers exhibited greater proprioception deficits than the fallers, it appears that this mode of input plays a minimal role in fall predisposition.
Central processing control component abilities. -Mental status was not able to discriminate fallers from nonfallers, but the slightly lower mental status scores are consistent with previous investigations (1, 4, 5, 34) . However, the conclusion that impaired mental status predicts falls is not supported. Perceptual style or field dependency also was not a significant predictor of fall predisposition, which contradicts the results of the Tobis et al. study (36) . In that study, average perceptual errors in excess of 12 degrees were considered to contribute to falls; however, both groups exhibited error rates lower than this. The fallers examined in that study also were composed of both hospitalized and nonhospitalized elders, and the nonfalling control group was 19 years younger, which would affect the conclusion that fall predisposition is affected by perceptual style. No statistically significant difference was observed in the simple reaction time measures or the choice movement or total times.
Significant differences were observed in the choice reaction time and selective attention measures, with the fallers exhibiting performance decrements. The fact that differences were not evident between the groups in the simple reaction task is consistent with previous observations that simple programming of movements can be maintained with increasing age (37, 38) , while more complex movements exhibit age-related declines (38) . The lack of a significant difference between the groups in the choice movement times, with significant differences being observed in the choice reaction time, supports the hypothesis that increased latencies in fallers are not related to a motor time component, but to the ability of the central nervous system to process information (20) . It has been suggested that longer latencies may be interpreted to mean slowing in central nervous system encoding, retrieving, and processing (39) . These results support central processing difficulties as contributors to falls.
Selective attention assessed by the visual search task required the subject to locate the target, focus attention on the target, and recognize the target, utilizing both selective attention and aspects of cognitive strategy. The fallers exhibited significantly fewer successes in identifying the targets and longer search times per field. Although selective atten-tion abilities of fallers have not been assessed previously, declines in selective attention using visual search tasks have been observed in elderly individuals (40, 41) and been used as predictors of accident involvement (16, 17, 42) . Decrements in selective attention abilities have been attributed to declines in both the rate (43) and amount (44) of visual attention capacity, with declines being more prominent in tasks utilizing effortful memory processes requiring controlled search (41, 45) . Overall, the data support the observation that central attentional information processing changes account for the age-related declines in visual selective attention, rather than changes in the quality of the sensory inputs (46) . The latter hypothesis is supported in this study by the lack of any difference in visual function.
The results of the central processing control components indicate that fall predisposition is related to failures in this component of the balance control.
Effector component abilities. -Isometric quadriceps strength did not distinguish between fallers and nonfallers. Although the strength findings are not consistent with previous studies, in which fallers exhibited significantly reduced lower extremity strength (4, 47) , the significant correlation of strength with only the stair descent task suggests that the marginal reductions in the strength of the fallers may be a contributing factor in postural imbalance during environmentally demanding activities such as stair descent. The marginal reduction in strength may also explain the alteration in stair descent style observed in the fallers. However, the lack of a significant difference in muscular strength, and the fact that similar movement times were observed in both groups, support a comment by Shock and Norris (48) , who suggested that loss of muscular strength may not be as important as reduced coordination in causing decreased power output in elderly individuals.
Functional Activity-Component Ability Correlations
The functional activity-balance component correlations indicate that the number of statistically significant correlations and the significance of the correlations between the sensory, central processing control, and effector systems and the functional activities increased from static balance to stair descent. These data indicate greater involvement of more of the balance control components as the task performance required greater control of the movements of the center of mass. Static balance and walking abilities were primarily influenced by the sensory and central processing control components, while stair descent, which requires increased balance control, utilized all three balance control component abilities. These data suggest that although the fallers did not exhibit significantly poorer sensory input system component abilities, nor effector system component abilities, the marginal deficits in each of these systems may exhibit an additive effect which results in increasing functional activity performance dysfunction from static balance to stair descent.
In conclusion, the data suggest that the performance of functional daily activities, including static balance, walking, and stair descent were able to differentiate fallers from nonfallers. It could be suggested that the performance of balance and mobility skills may be one of the best predictors of fall predisposition. Analysis of the balance control component abilities indicated significant differences between fallers and nonfallers in the sensory component of proprioception, and the central processing control components of selective attention and choice reaction time. Since proprioception was actually poorer in the nonfallers, it could be suggested that passive proprioceptive sense contributes little to fall predisposition. The data suggest that selective attention and choice reaction time are the two most significant balance control components predictive of falls. The reduced selective attention abilities and the increased choice reaction times of the fallers suggest that they are experiencing problems with central information processing. It has been suggested that central processing control information failures may be related to a lack of comprehension or recognition of the sensory input due to stimulus overload or a physiological deficit, or inappropriate response selection due to a failure in the decision-making process (49) . Research has shown that the most important information processing constructs predicting motor vehicle accident involvement are cognitive style, selective attention, and perceptual-motor reaction time (17) , the latter two of which were observed in the fallers. Reduced attention abilities result in an inability to selectively attend to relevant environmental stimuli while ignoring irrelevant stimuli, affect the ability to impose perceptual organization on information (50), or affect the allocation of attentional capacity to irrelevant environmental information which reduces the ability to divide attentional capacity between two concurrent tasks, requiring a controlled mode of processing that requires more mental effort and time (51) . Increased choice reaction time latencies may be indicative of difficulties of baseline mental operations required for premovement programming of the central nervous system (52) . As a result, the faller may either not recognize that a hazardous situation is developing and/or may initiate a response too slowly.
Overall, it appears that performance differences in functional balance and mobility tasks in fallers are related to central processing control component difficulties. However, the additive declines in the sensory and effector system components must not be overlooked.
